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® Silk proteins are produced using a recombinant microorganism for producing the protein fibroin and possibly 
also the protein sericin, for spinning to produce silk. The relevant protein(s) may aiso be produced using tissue 
culture techniques. The invention may be used to produce material identical to natural silk proteins. Alternatively, 
deliberately modified proteins may be produced, for production of silks having modified properties not 
necessarily found in nature. 
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Improvements fn or relating to production of s»k 



Field of the Invention 

This invention relates to the production of silk protein, that is protein components of silk. 



Background to the Invention 

Silk is produced naturally by the larvae of the Bombvx mori moth and many other Arthropods. The 
10 Bombvx mori moth larva synthesises the components of silk inside its body and extrudes them in the form 

of a fibre of silk. The silk fibre consists of twin filaments of the protein fibroin which are cemented or glued 

together by the protein sericin. These moth larvae are used as the basis of commercial silk production, and 

produce fibres with a composition and structure that result In natural silk having a unique combination of 

properties of strength, softness and lustre, which cannot be matched by conventional manmade fibres. 
75 Natural production of silk from these moth larvae is, however, limited both in quality by geographical, 

political and other factors. As a result, the supply of natural silk is limited and prices are high. 
Silks are also produced by a wide range of other Arthropods, for purposes such as: 

-trapping prey (eg spider's webs and other prey-catching devices) 

-use in cocoons 
20 -use in egg cases 

-use in burrow construction 

-camouflaging body-armour 

Spider silks are of particular interest. For example the orb-web spiders, such as Araneus diadematus. 

produce 5 different types of silk having different physical properties for different purposes, to act as: 
25 1 . drag-line and web framework 

2. viscid catching net of the web 

3. fibrous discs attaching web to support 

4. a cocoon for prey, once caught 

5. materials for the constructions of egg-cases. 

30 These materials are of interest because of the wide variety of physical properties which are associated 
with different types of silk. In many cases silks with interesting properties cannot be harvested commercially 
because of the difficulties of culturing the organisms under controlled conditions and of harvesting the 
material. 

It is an object of the invention to provide a method for the production of components of silk which does 
35 not involve the Bombvx mori moth larva, or other Arthropods. 

It is also an object of the invention to produce components of novel silks having specific properties, not 
necessarily found in naturally produced silks, and the terms "silk" and "silk protein" as used in this 
specification should be construed accordingly to cover such materials. 

40 

The Invention 

According to one aspect of the invention, there is provided a method of producing components of silk, 
comprising producing from a recombinant microorganism the protein fibroin for spinning to produce silk. 
45 The method may also involve producing the protein sericin from a recombinant microorganism (either 
the same microorganism which produces fibroin, or a different microorganism), for spinning together with 
fibroin. However, in many cases sericin is not required, because of the nature of the industrial spinning 
process used. 

In Bombvx mori. and possibly also in other arthropods, the fibroin protein consists of two polypeptides, 
so one very large and one small, joined together. References to fibroin in this specification should be 
construed to mean either the large polypeptide or the fibroin protein, as appropriate. 
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The protein or proteins produced need not be Identical to fibroin or sericin. and similar proteins may 
also produce silk provided they are sufficiently fibroin-like or sericin-like as appropriate. References to 
fibroin and sericin should be construed accordingly. Further, by producing deliberately modified proteins, by 
suitable genetic engineering of the microorganism(s), components may be produced for silks having 
s modified properties. In this way materials having specified properties suited to particular applications may 
be produced. 

Microorganisms may be genetically modified to produce the required protein(s), fibroin and possibly 
also sericin, by conventional genetic engineering techniques. For example, genes encoding for fibroin (and 
possibly also sericin) could be generated or isolated, and inserted into a suitable host vector. The genes 
to could be produced by reverse transcription of Bombvx mori messenger RNA to produce complementary 
DNA, or by the construction of a Bombvx mori gene bank. A construction of an artificial silk gene from 
oligonucleotides, according to the known amino acid sequences of the silk proteins is a further possibility 
also included in the scope of this present invention, as is the use of genes derived from other silk providing 
organisms. 

75 In any case it may be necessary to modify the DNA sequence coding for the silk gene to make 
production in the host organism of choice efficient and reliable. 

A recombinant mircoorganism capable of producing sericin may be produced by a similar technique. 
The cloned or constructed gene is expressed in a suitable host microorganism using an appropriate 
vector and promoter system. Export from the microorganism of the silk peptides will be arranged, if 
20 possible. Examples of possible host microorganisms include: 
Eschericia coli 
Saccharomvces cerevisiae 



Pseudomonas sod 

Rhodopseudomonas sop 
25 Bacillus subtilis and other Bacilli 

Streptomvces coelicolor and other Streptomvcetes 
Methvlomonas spp 

Fibroin and sericin may be produced by separate microorganisms or together in the same organism. 

Hence, in a further aspect, the present invention provides a recombinant microorganism which has been 
30 genetically modified to be capable of producing fibroin and/or sericin. 

The relevant protein, fibroin or sericin, may be produced by such a recombinant microorganism (and 
extracted from the microorganism cells if produced intracellular^) by a fermentation process. 

The present invention thus provides a method of producing fibroin and/or sericin, comprising utilising 
recombinant microorganisms which have been genetically modified to produce fibroin and/or sericin. 
35 Silk components may also be produced using tissue culture techniques. 

Hence, according to another aspect of the present invention there is provided a method of producing 
the components of silk such as fibroin and possibly also sericin by tissue culture techniques, for spinning to 
produce silk. 

Any suitable animal or plant cells may be used in tissue culture techniques. For example, cells of 
40 Bombvx mori may be grown in culture. These cultures will be used to produce the silk components which 
can then be spun to produce the silk. 

Hence, in a further, preferred, aspect the present invention provides a method of growing cells of 
Bombvx mori in culture capable of producing fibroin. 

The invention also provides a method of growing cells of Bombvx mori in culture capable of producing 



The relevant polypeptides (fibroin, and possibly also sericin or other similar materials) may be treated 
and spun to produce a fibre or other organised structure similar or indistinguishable in properties to natural 
silk, or deliberately having modified properties, as noted above, Thus, the invention can be used for the 
production of modified or designed silks having specified properties, not necessarily found in Nature, eg 
so designed for particular industrial materials applications. 

This invention also covers the production of silk components such as the polypeptides fibroin or sericin 
when produced by the relevant methods of the invention. 




45 sericin. 
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Examples of some of the preferred expressions of the Invention 

Genetic engineering techniques, combined with synthetic oligonucleotide chemistry, can be used to 
produce molecules very similar to natural silk proteins in a novel biological host This involves the following 
5 steps: 

a) Identifying the silk (protein) of interest, and the naturally producing animal, eg Arthropod, of 
interest 

b) Cloning the silk gene of interest from the Arthropod of interest into a bacterial host such as Ecoli. 
The gene contains the information which defines the protein product 

70 c) Bucidating the nucleotide sequence of the gene. 

d) Adapting this gene so that it can be readily expressed (read, and translated into protein) and 
stably inherited in the chosen final host This is done by changing the nucleotide sequence, substituting 
synthetic DNA where necessary. 

e) Providing the gene with a signal (promoter and translation start signal) which tells the final host 
75 organism that this gene should be expressed (the protein product should be made) efficiently under certain 

conditions. 

The silk gene for use in a microbial host should probably be considerably shorter than the Bombvx mori 
silk gene, as microbes do not express very large genes efficiently. 

f) Transferring the engineered silk gene to the final host organism, and developing a process for the 
20 large-scale production of the silk protein. 

g) Developing methods for the. recovery of silk protein for spinning it into fibres or otherwise 
processing it into organised structures. 

Such techniques can also be used to produce novel silk proteins with physical properties not found in 
nature. This involves the following: 
25 a) Design, synthesis and cloning of a unique, novel silk gene. 

b) The designed gene should have features enabling its expression in a microbial host Its features 
should also be designed to give its products physical properties appropriate for a range of specific 
commercial application. 

The sequence Gfy-Aia-Giy-Ala-GJy-Ser is commonly found in natural silk fibroin protein(s), in a 
30 crystalline region of the protein. (The protein consists of up to 10 repeated crystalline (highly ordered) 
regions, interspersed with amorphous regions.) 

This sequence may be used as the basis of a designed silk protein. For example, a designed silk 
protein might comprise sets of the sequence: 

(GIy-AIa-Gly-Ala-Gly-Ser) n interspersed with other sequences possibly forming amorphous regions. 
35 Other repeated sequences either found in natural silks or designed de novo could also form the basis of 
a new silk protein. 

The resulting array of repeated sequences, although possibly comprising sequences occuring in natural 
silks, could nevertheless constitute a distinct new entity non-identical with (and significantly different from) 
any protein found in Nature. 

40 Certain naturally occuring sequences which may be detrimental to the properties sought in a particular 
protein may to advantage be omitted. 

By varying the length of the protein product, physical properties may be varied. 



45 Design of a gene to give a particular amino acid sequence 

By way of example we will consider use of the naturally ocurring sequence Gly-Ala-GIy-Ala-Gly-Ser. 

The base unit (18 nucleotides long) of a gene specifying Gly-Ala-Gly-Ala-Gly-Ser could have 6144 
different nucleotide sequences. This number of variations occurs because there is more than one gene 
so sequence (codon; set of three nucleotides) able to specify a single amino add. In the simplest example one 
of these possibilities is chosen and is polymerised in vitro eg 30 to 100 fold to produce a gene of 540-1800 
nucleotides in length, probably flanked by other coding sequences. 

The polymerised sequence designed for use in a microbial host such as E. coli might be 

55 
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GGT GCT GGT GCC GGC TCT 

I I I I I I 

Gly Ala Gly Ala Gly Ser 

(Sequence of non-coding DNA strands) 
In more sophisticated examples, two, three or four different unit sequences of eg 18 nucleotides are 
incorporated together in the gene, to decrease the repetitive nature of the nucleotide sequence, or to 
provide different properties. 

10 In other more sophisticated examples the sequence of aminoacids in the protein is varied so that the 
sequence: 

Ser-Gly-Ala-Ala-Gly-Tyr 

might appear several times in the gene. 

In even more sophisticated applications, further modifications to the silk gene sequences are made, 
rs In one preferred example, crystalline, highly ordered (repetitive sequence) structures in a designed 
protein are interspersed with amorphous (unordered, non-repetitive sequence) regions. 

For example, a protein: 

Crystalline-Amorphous-Crystalline-Amorphous-Crystalline may be produced where the crystalline region 
contains (Gly-Ala-Gly-Ala-Gly-Ser) n or related sequences. The amorphous regions may contain amino acids 
20 with bulky side chains, such as proline or tryptophan which disrupt ordered structures. 

The inclusion of different amorphous regions, interspersed with the crystalline regions, can confer an 
extra range of physical properties, such as a range of extensibilities, on a final fibrous product. Properties 
may also be varied by varying the length of the amorphous regions, and by varying the length of the 
crystalline regions. 



PROCESS FOR THE MICROBIAL PRODUCTION OF SILKS 
Control of silk production 

30 

It is important that the gene is only expressed under certain conditions, because the aim is to grow 
large numbers of host organisms (cells), and to extract large amounts of the silk protein. If the organisms 
are making silk protein while they are growing, they will grow slowly, and any organism which has lost the 
ability to make the silk protein (by a mutation) will grow and divide faster. Such a mutated organism type 

35 would overgrow the culture, gradually replacing the organism making the silk protein. Therefore, the 
organism carrying the silk gene is programmed only to make silk protein when the population of organisms 
is of the maximum required size. Then a signal is given such as a change in temperature, addition or 
exhaustion of a metabolite, or simply a slowing down of growth as the population becomes dense. This 
signal tells the organism to start making silk protein. Over a period of time, large amounts of silk protein are 

40 accumulated by each organism. This silk protein may be retained within the ceils (intra-cellular) or secreted 
(extra-cellular). 

It may also be important to ensure that the vector (the independently reproducing molecule) carrying 
the silk gene is maintained at a low concentration in each organism during the growth of the organisms, but 
at a signal, analogous to that described above, begins to reproduce itself, so that eventually it is present at 
45 a high concentration, enhancing the rate at which the silk product is made. This may be required to prevent 
slow growth of the organisms containing the silk gene, and the risk of overgrowth by mutated organisms as 
described above. The vector can either be inserted into the chromosome during growth of the ceils or free 
in the cell's cytoplasm. 

50 

Host Organism 

The most common host organism is likely to be a microbe such as E.colL a Bacillus , or Sac- 
charomvces . and the process description is given with this in mind. However, in some cases it may be 
55 more appropriate to use other microorganisms, animal cells or plant cells. 
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For each host organism, a different set of criteria for design or adaptation of the silk gene must be 
adhered to for efficient silk protein production. This is because each type of organism has different 
populations of adaptors (tRNAs) for translating its genetic information into protein products, commonly 
described as codon usage. The gene structure should be adapted to fit as closely as possible with the 
tRNA population structure found in the host organism. Other requirements in terms of acceptable gene, and 
mRNA (messenger RNA; an intermediate molecule in protein production) must also be adhered to for the 
chosen host organism. 

Also, different expression signals for the production of silk protein, and different vectors are required in 
different host organisms. 

Naturally, optimal process conditions are designed to suit the host organism in question. 

For example, the silk gene is likeiy to contain highly repetitive sequence information (a commonly 
occurring sequence in the protein, gly-ala-gly-ala-gly-ser, is paralleled by a repeating nucleotide sequence 
in the gene). Steps should be taken where possible to minimise the repetitiveness of the nucleotide 
sequence. This is because a repetitive nucleotide sequence can be subject to deletion or other rearran- 
gement of genetic information in some hosts. This is of particular concern when growing large populations 
of organisms in a production process, since organisms with less extra genetic information (having suffered a 
deletion in the silk gene) can grow faster and overtake the population. 



Recovery of the silk protein from the cells 

The silk protein is recovered from the cells in which it is probably sorted in an insoluble form. The cells 
are broken up physically (eg mechanically) or chemically (eg enzymatically), and the silk protein is 
extracted and separated from the other cellular constituents. The silk protein can then be dissolved and 
spun to form fibre. If the silk protein is produced extra cellularfy, it is purified from the fermentation medium. 



Claims 

1. A method of producing components of silk, characterised by producing from a recombinant 
microorganism the protein fibroin for spinning to produce silk. 

2. A method according to claim 1, further characterised by producing the protein sericin from a 
recombinant microorganism, for spinning together with fibroin. 

3. A method according claim 1 or 2. characterised in that the microorganism(s) is(are) modified to 
produce modified protein(s), for producing silk having modified properties. 

4. A method according to claim 1, 2 or 3, characterised in that wherein the silk protein comprises sets 
of the sequence (Gly-AIa-GIy-AIa-GIy-Ser) n forming crystalline regions. 

5. A method according to claim 4, characterised in that the crystalline regions are interspersed with 
amorphous regions. 

6. A method according to claim 4 or 5, characterised in that properties of the silk protein are varied by 
varying the length of the crystalline regions and/or varying the length of the amorphous regions. 

7. A recombinant microorganism which has been genetically modified to be capable of producing fibroin 
and/or sericin. 

8. A method of producing the components of silk such as fibroin and possibly also sericin by tissue 
culture techniques, for spinning to produce silk. 

9. A method according to claim 8. characterised in that cells of Bombvx mori are grown in culture to 
produce the required silk components. 

10. A method of growing cells of Bombvx mori in culture capable of producing fibroin, and possibly 
also sericin. 
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